Objective: To study the effect on endometrial and endometriotic cells after co-culture with macrophages, using clonogenic, invasion and self-renewal assays.
| INTRODUCTION
Endometriosis is the presence of endometrial tissue growth outside the uterine cavity and is a benign gynaecological disease affecting ~5% of women of reproductive age. 1 The sex steroid-dependent growth of ectopic endometrial tissues may result in cyclical pelvic pain and infertility. Several proposed theories have implicated the pathogenesis of endometriosis, including retrograde menstruation, peritoneal cell metaplasia, genetic predisposition and altered immunological surveillance. 2 The emerging evidence of somatic stem cells in the human endometrium provides an alternate candidate cell source for the development of endometriosis. 3 The physiological role of stem cells in the endometrium is to maintain the cyclical regeneration of the tissue that occurs after each menstruation. Endometrial epithelial and stromal cells with high clonogenic activity are initiated by stem/progenitor cells. 4 The percentage of clonogenic cells in human endometrium does not vary significantly across the menstrual cycle. 5 Occasional shedding of endometrial stem cells with colony-forming potential can reach ectopic sites through retrograde menstruation, invading the peritoneum to generate endometriotic lesions.
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Studies examining the eutopic endometrium of women with and without endometriosis revealed striking differences in gene expression that may predispose some women to disease development. [7] [8] [9] Eutopic endometrial stem cells from women with endometriosis exhibit progesterone resistance which is inherited by their progenies. 10 The uncontrolled growth of ectopic endometrial tissue invades the adjacent tissues and is associated with neovascularization and local inflammatory responses.
Aberrant production of cytokines and growth, adhesion and angiogenic factors are linked to the occurrence and maintenance of endometriosis.
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How the changes in the inflammatory peritoneal environment influence the behaviour of ectopic endometrial stem cells is unknown.
Pathogenesis of endometriosis is associated with dysfunctional regulation of the immune system, 12 in particular, an increase in macrophages and impairment of their phagocytic activities. 13, 14 
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Little is known about the interactions of macrophages with endometrial colony-forming cells. Here we described the clonal analysis of endometrial and endometriotic cells after co-culture with macrophages and examined how it affects the cell's functional activities. antibiotic (Gibco, Rockville, MD, USA) and 5% foetal bovine serum (FBS, Gibco). The samples were stored at 4°C and processed within 24 hours.
| MATERIALS AND METHODS

| Human tissue samples
| Isolation of endometrial and endometriotic cells
Human endometrial and endometriotic tissues were digested to single-cell suspensions using collagenase type I (300 μg/mL; Worthington Biochemical Corp, Lakewood, NJ, USA) and deoxyribonuclease type I (40 μg/mL;
Worthington Biochemical Corp) as described previously. 23 Red blood cells were removed using Ficoll-Paque (GE Healthcare, Uppsala, Sweden) densitygradient centrifugation. Leucocytes were eliminated using anti-CD45
antibody-coated Dynabeads (Life Technologies). Purified epithelial cell suspensions were separated from stromal cells by using anti-CD368 (EpCAM)
antibody-coated microbeads (Miltenyi Biotec Inc., San Diego, CA, USA).
| Macrophage differentiation and collection of conditioned medium
Peripheral blood mononuclear cells from women with and without endometriosis were isolated with Ficoll-Paque. Blood samples were collected on the same day as the endometrial or endometriotic tissue. macrophage CM, which was diluted with growth medium at a ratio of 3:7 (v/v). We supplemented PMA to maintain macrophages differentiation in long-term culture. The medium was changed every 7 days, and the colonies formed were regularly monitored using an Eclipse TS100 inverted microscope (Nikon, Melville, NY, USA). Endometrial cells were cultured for 15 days. 4, 25 Endometriotic cells were cultured for 21 days. 23 The colonies formed were fixed with 10% formalin and stained with 1% toluidine blue (Sigma-Aldrich) ( Relative invasion was determined by normalization to the control group.
| In vitro serial cloning
Individual large epithelial and stromal CFUs from passage 1 (P1) were 
| Cytokine array and ELISA
Cytokine Array C3 (RayBiotech Inc., Norcross, GA, USA) was used to determine the cytokines in the macrophage CM from women with endometriosis (n=6; proliferative n=3, secretory n=3) and without endometriosis (n=6; proliferative n=3, secretory n=3). The signal intensities of the cytokines were quantified using Quantity
One software (Bio-Rad, Hercules, CA, USA) (Fig. S5 ). The CSF-1 level was determined using enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN, USA) from women with endometriosis (n=11; proliferative n=5, secretory n=6) and without endometriosis (n=9; proliferative n=5, secretory n=4). Each sample was measured in duplicate. Recombinant CSF-1 (Peprotech, Rocky
Hill, NJ, USA) at 30, 300, and 3000 pg/mL was added to the growth medium of endometrial and endometriotic stromal cells seeded at clonal density (500 cells/cm 2 ) for 15 days. For neutralization assay, the anti-human colony-stimulating factor (CSF-1) monoclonal antibody (10 μg/mL, Peprotech) was added to the endometrial epithelial and stromal cells co-cultured with macrophages and CM without endometriosis.
| Flow cytometry analysis
The co-expression of CD140b and CD146 on endometrial stromal cells after 15 days of culture in different conditions (n=5) were analysed by multicolour flow cytometry as described previously.
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The cells were incubated with FITC-conjugated anti-CD146 (1 mg/ 
| Statistical analysis
Data were analysed using GraphPad PRISM software (version 5;
GraphPad Software Inc., San Diego, CA, USA). The normal distribution of the data was determined by the D'Agostino-Pearson test.
The data were analysed by a non-parametric one-way ANOVA using
Kruskal-Wallis test in multiple groups or using Mann-Whitney test in case of two groups. Differences of P<.05 were considered statistically significant.
| RESULTS
| Clonogenicity of human endometrial and endometriotic cells in co-culture with autologous macrophages
Autologous macrophages or their CM were co-cultured with the endometrial and endometriotic cells. As PMA was used to induce macrophages differentiation, cells treated with PMA alone served as a negative control. To maintain macrophage differentiation in long-term culture, PMA was also supplemented into the co-culture treatment.
The total CE (large and small colonies) was 0.33±0.17% for endome- 
| Clonogenicity of human endometriotic cells after co-culture with macrophages from patients without endometriosis
We performed additional co-culture experiments to further investigate the interactions between macrophages and endometriotic cells.
Endometriotic epithelial and stromal cells were co-cultured with non-endometriotic macrophages and their CM. The CEs for endometriotic epithelial and stromal cells were similar for all the conditions ( Figure 3A ,B).
| Invasion and self-renewal ability of endometrial and endometriotic cells after co-culture with autologous macrophages
There were no changes in the invasiveness of endometrial epithelial cells ( Figure 1C ). However, co-culture with macrophages or macrophage CM increased the invasion of endometrial stromal cells (P<.05, Figure 1D ). For endometriotic samples, the invasiveness of the epithelial cells increased after co-culture with macrophages (P<.05, Figure 2C ). This stimulatory effect was also detected on endometriotic stromal cells after co-culture with macrophages and macrophage CM (P<.05, Figure 2D ).
The self-renewal ability of cells in the large CFU after co-culture was assessed using a serial cloning strategy. We observed a decline in the number of self-renewal rounds in cells after co-culture when compared to the corresponding control (endometrial epithelial: 1.0±0.1 vs 2.4±0.1, Figure 1E ; endometrial stromal: 2.0±0.2 vs 4.0±0.2, Figure 1F; endometriotic epithelial: 0.8±0.3 vs 3.1±0.1, Figure 2E ; endometriotic stromal: 1.1±0.4 vs 3.9±0.1; Figure 2F ) though the differences were not yet significant.
As the self-renewal activity of stromal cells declined after macrophage co-culture, we examined the phenotypic expression of the endometrial stromal cells using the endometrial mesenchymallike stem cell markers: CD140b and CD146. Flow cytometry F I G U R E 1 Clonogenicity, invasion ability and self-renewal activity of endometrial epithelial and stromal cells with autologous macrophages. Cloning efficiency (CE) of (A) epithelial and (B) stromal cells after culture in PMA, co-culture macrophages (co-culture) and macrophage conditioned media (CM) for 15 days. Bars represent total CE (sum of small and large CFUs). White bars indicate large CFU; shaded bars indicate small CFUs. Relative cell invasion capacity of (C) epithelial and (D) stromal cells after culture in different conditions. Control was set as one. Self-renewal activity of (E) epithelial and (F) stromal cells co-culture with macrophages. Fig. S3E ).
| Cytokine profile of macrophages from patients with and without endometriosis
The macrophage CM from patients with and without endometriosis were compared using a cytokine array for 42 cytokines (Table S1 ).
Densitometric analysis revealed a 4-fold higher level of CSF-1 in the CM of endometriosis samples (1.11±0.67) than in that of no endometriosis (0.25±0.04, P<.05, Figure 4A ,B). Consistently, the amount of CSF-1 released into the CM from endometriotic macrophages was significantly higher (597±140 pg/mL, n=11) than that from normal endometrial macrophages (159±40 pg/mL, P<.05, Figure 4B) determined by ELISA. However, CSF-1 at concentrations of 30, 300
and 3000 pg/mL did not affect the total CEs of epithelial and stro- did not reach statistic significance due to the small sample size (Fig.   S4A,B) .
| DISCUSSION
Endometriosis is a multifactorial disease, and its aetiology remains uncertain. Among the theories proposed to explain the pathogenesis of endometriosis, Sampson's theory of retrograde menstruation is most widely accepted. In reproductive-age women, a reflux of menstrual tissue enters the peritoneal cavity and embeds into intra-abdominal areas. 27 Susceptibility to endometriosis is due to enhanced endometrial cell adhesion to the peritoneum and poor clearance of refluxed endometrial cells by the host immune response. 28 Macrophage function is augmented in endometriotic lesions. 14 F I G U R E 2 Clonogenicity, invasion ability and self-renewal activity of endometriotic epithelial and stromal cells with autologous macrophages. Cloning efficiency (CE) of (A) epithelial and (B) stromal cells after culture in PMA, co-culture macrophages (co-culture) and macrophage conditioned media (CM) for 15 days. Bars represent total CE (sum of small and large CFUs). White bars indicate large CFU; shaded bars indicate small CFUs. Relative cell invasion capacity of (C) epithelial and (D) stromal cells after culture in different conditions. Control was set as one. Self-renewal activity of (E) epithelial and (F) stromal cells co-culture with macrophages. Results reported as means±SEM; clonogenicity: epithelial n=8, stromal n=13; invasion: epithelial n=3, stromal n=4, self-renewal n=3. * ,a,c P<.05; *** ,b
P<.001.
a,b
Significant differences for large CFUs, c Significant differences for small CFUs. CFU, colony-forming unit; SEM, CM, conditioned medium; PMA, phorbol-12 myristate 13-acetate; standard error of the mean
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Previously, we demonstrated the existence of colony-forming cells in human endometrium and endometriosis. We also examined the differences of cytokines derived from macrophages from women with and without endometriosis. As endometrial macrophages have a role in tissue angiogenesis, tissue remodelling and immune defence, a major population of uterine tissue macrophages is alternatively activated. 31 Alternatively activated macrophages are more abundant in patients with endometriosis 32 and exacerbate the growth and vascularization of endometriotic lesions. 29 In this study, the macrophages from women with and without endometriosis were found to polarize towards the alternatively activated or M2 phenotype, and endometriotic macrophages released more CSF-1, which has been associated with the early establishment of endometriotic lesions. 33 The level of CSF-1 in the peritoneal fluid of patients with endometriosis is higher than those without. 34 CSF-1 can also enhance the proliferation, attachment and invasion of endometrial cells 35, 36 . However, our results showed that CSF-1 alone did not affect the clonogenicity or invasion activity of endometrial or endometriotic cells. Therefore, the stimulatory activities of macrophages co-culture with endometrial and endometriotic cells could be mediated by one or a cocktail of regulators that were not determined in this study. In addition, it is worth noting that the endometrium would produce other factors that mediate endometrial macrophage differentiation, and our current in vitro model may therefore not fully represent the behaviour of these macrophages. A limitation of this study was the source of the macrophage used. Peritoneal macrophages would undoubtedly provide a better insight into the peritoneal phenomenon on endometrial and endometriotic cells. However, to obtain sufficient amount of peritoneal macrophages would be difficult, hence we used peripheral monocyte-derived macrophages. Other immune cells such as T cells within the endometrial leucocyte population can also promote the growth and invasion of endometriotic stromal cells. 37 Currently, direct evidence supporting the involvement of endometrial stem/progenitor cells in the aetiology of endometriosis is limited. While the existence of endometrial stem/progenitor cells in the endometrial basalis is well documented, 38 some evidence supports the presence of endometrial stem/progenitor cells in endometriotic lesions. 23, 39 There is also evidence that fragments of the shed endometrial basalis, likely containing endometrial stem/progenitor cells, are more often shed in the menstrual blood of women with endometriosis than in that of healthy control subjects. 40, 41 Thus, when exposed to an environment conducive to the formation of endometriosis, such as the presence of dysregulated macrophages, the retrograded endometrial stem/progenitor cells differentiate and their progenies proliferate in ectopic sites, leading to the development of endometriotic lesions.
However, whether the altered macrophage changes are primary or secondary occurrences remains uncertain.
In conclusion, the evidence that co-culture of macrophages enhances the clonogenicity and invasion activity of endometriotic stromal cells suggests phagocytic cells and endometriotic cells may contribute to the committed progeny expansion of retrograde endometrial cells, giving rise to endometriosis. Further work should be undertaken to identify the kinase signals involved in the cell communication between macrophages and endometriotic stromal cells, as these pathways may represent a target for endometriosis treatment.
